The External Calibrator for Hydrogen Observatories (ECHO) is an ongoing project to develop precision calibration sources for wide-field, low frequency, radio arrays such as the Murchison Widefield Array and the Hydrogen Epoch of Reionization Array which target 21cm radiation from primordial times. The accuracy of existing antenna beam models have been found to be a key factor limiting the realized sensitivity of the analysis pipelines. The precision required motivates us to go beyond applying a single model to each antenna in the array characterization and instead measure the response of the as-built system. We have developed a system for mapping the response pattern with a drone-mounted transmitter. Here we report a first series of tests, including our first test maps of known calibration standards and a second test mapping an MWA tile.
I. INTRODUCTION
New arrays probing redshifted 21cm radiation from hydrogen gas in the early universe (e.g. PAPER, MWA, HERA, LOFAR, CHIME, Tienlai, etc) have high-precision performance requirements necessary to separate the cosmological background from the astrophysical foreground. Knowledge of the antenna beam has been identified in the literature as particularly critical information by comparing detailed instrumental simulations with data from first generation arrays. However, our knowledge of the antenna beams for these arrays is still quite limited. These arrays are all widefield transit arrays; they are fixed to the ground and unable to use the traditional method of scanning across a known source. The External Calibrator for Hydrogen Observatories (ECHO) is a dedicated program to address the missing beam information by making precision maps of antenna beams using dronemounted calibration sources. Drone mounted calibration has been previously explored in the context of model verification as well as beam mapping [1; 2; 3] . The long-term goal is to make routine maps of as-built beams, mapping out antennato-antenna variation in-situ and feeding that information back into the data analysis.
MWA and HERA simulations have suggested that the primary limitation of current beam models/measurements is the precision of the map far from pointing center, as this is where the most spectral variation occurs [4; 5] . From these studies, we have identified a reasonable specification on the precision of a useful primary beam measurement for ECHO. ECHO should provide a map with 1% error at a beam amplitude of -45dB compared to the peak response. Depending on the array, the -45dB point may occur near the horizon.
II. DESIGN AND METHOD
The ECHO source is a programmable oscillator which provides nearly 10mW of power at a frequency of our choosing from 137MHz to 4.4GHz. The source antenna is a bowtie "broadband dipole" chosen for its smooth (but relatively inefficient) response vs frequency. The antenna is designed for calibration of wireless equipment in the field, so is relatively robust and has calibration information available. The drone we are currently using is an X8+ octoquad (four arms, 8 rotors) from 3D Robotics. The drone flies autonomously following a pre-programmed flight path and records its GPS position and heading to an on-board sd card. It also transmits a telemetry signal to a laptop on the ground side. Typical flight times are about 15 minutes. The source antenna is slung beneath the craft at a distance of about 30 cm. The flight pattern to map the beam follows the same HEALPIX [6] pattern as the pixelization typically used by imaging analysis routines to store images and beam patterns. An nside 8 RING ordering of HEALPIX provides a single spiral-like path on sphere (here set to 100m radius) with a number of waypoints that is small enough to fit in the limited on-board memory of the autopilot and an angular distance between flight rings of 5 degrees. The orientation of the dipole is locked to the cardinal directions by programming a distant region of interest (ROI), each flight is completed twice, once with a NS transmit dipole orientation and again rotated by 90 degrees. In this way we map the complete polarization response of the antenna under test -as multiplied by the beam of the transmit dipole.
III. DATA
As a first calibration check, we mapped a set of calibration dipoles used as reference standards for the ORBCOMM beam mapping experiment [7] . In the ORBCOMM procedure the measurement recorded is the ratio between the AUT and the reference dipole, the ratio being insensitive to variations in power from the satellite transmitter. The pattern of the reference antenna can then be simulated and removed. Uncertainty in this method depends somewhat on the location of the dipoles and variation in construction. This error is characterized by first performing a null test, where the antenna under test is temporarily replaced with a second calibration dipole, the ratio measurement now establishing the difference between two nominally identical antennas. This is the configuration used for the measurements reported here.
In that setup there are two dual linear polarization sleeved dipoles, mounted on 2m square platforms seperated by 50 meters. A spherical flight pattern was flown over each antenna, once each with the drone locked east-west and once northsouth. The transmitter tuned to an empty channel between ORBCOMM transmissions at 137.5MHz and was attenuated until the amplitude in flight matched a typical ORBCOMM transmission. The output power was about 5 μW.
An example gridded power pattern is shown below in Fig.  2 . The received power pattern is the sum of the response of the AUT and the transmitting drone. Under normal measurement conditions we must correct for the drone/transmitter response by subtracting either a modeled or measured beam pattern. The calibrator beam must be known to better precision than our desired calibration accuracy! As a first order correction we model the spatial response of the antenna-drone combination in CST Microwave Studio and subtract this model from the data.
IV. RESULT
The ORBCOMM null test measured the ratio of the two dipole beams is the only available point of comparison for checking the accuracy of this new measurement. In Fig.  3 we plot longitudinal cuts of the ratio plotted together with the measured ORBCOMM ratios, with the NS and EW polarizations and E and H planes separated for clarity. The ORBCOMM measurements did not include specific error bars so we have here assumed a constant error of 0.5dB which is consistent with the difference between the gridded ORBCOMM power measurement and a model of the dipole beam. Fig. 3 . Measured ratio between calibration dipoles (blue) compared with measurements made using ORBCOMM system (grey).
V. CONCLUSIONS
Comparing with the ORBCOMM ratios we see that in the best cases (ie those of the EW polarization) the ECHO map recovers the expected ratio to within similar accuracy. In the worst case the ratio reveals the presence of a systematic titling. This tilt most likely comes from a rotation or tilt in the mounting of the antenna. The current mounting scheme emphasizes distance from the drone over stability. In future models we will work to improve the stability of the mount. In spite of these difficulties, it is clear from the quality of the best measurements that the method shows significant promise.
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